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Abstract 

Prostate-specific membrane antigen (PSMA) is a cell surface glycoprotein that is expressed by prostate epithelial 
cells. PSMA-specific monoclonal antibodies have been utilized to characterize the biologic function and in vivo 
biodistribution of PSMA. PSMA is an attractive target protein for monoclonal antibody directed imaging or thera- 
peutics for prostate cancer since its expression is relatively restricted to prostate epithelial cells and is over-expressed 
in prostate cancer, including in advanced stages. Currently, clinical usage of PSMA specific monoclonal antibodies 
has been limited to diagnostic immunohistochcmistry and imaging of patients with prostate cancer. Novel applica- 
tions for these antibodies will be discussed. 



Introduction 

Monoclonal antibodies (mAbs) have been an invalu- 
able tool in basic science research for over 20 years. In 
the clinical setting, mAbs are primarily used for either 
detection of antigens or to specifically target therapeu- 
tic molecules to cells expressing a particular antigen. 
In oncology, mAbs have been utilized for diagnosis 
(immunohistochemistry), clinical monitoring (serum 
assays), clinical staging (radiolabeled imaging) and 
tumor targeting (immunotherapy). Membrane proteins 
are ideal targets for mAb directed imaging or thera- 
peutics. Ideally, the most specific mAbs are those that 
recognize an epitope within the extracellular domain 
of the membrane protein. This review will focus on 
the application of prostate-specific membrane antigen 
(PSMA)-specific mAbs for the diagnosis and treatment 
of prostate cancer and possibly other solid tumors. 



PSMA: gene, structure and function 

Using the 7E1 1 mAb [ 1 J, the gene encoding PSMA was 
cloned at Memorial Sloan-Kettering from the human 



prostate cancer cell line LNCaP and PSMA was found 
to be a lOOkDa type II membrane glycoprotein [2]. 
LNCaP cells abundantly express PSMA, whereas other 
human prostate cancer cell lines, PC-3 and DU-145, 
do not express PSMA [3]. The gene encoding PSMA 
has been localized to chromosome 1 Ipl 1— pl2 and a 
homologous PSMA gene is located on chromosome 
llql4 [4-6]. PSMA was subsequently discovered to 
have two enzymatic activiti es, one is a folate hydrolase 
T7] and the other is a carboxy peptidase L8, 9\ . PSMA 
Isanexopeptidase capable of hydrolyzing y -glutamyl 
linkag es in polyplutamated folate and methotrexate 
Triglutamate [7]. Thus, the nomenclature committee of 
the International Union of Biochemistry and Molecular 
Biology has recommended for PSMA the formal name 
of glutamate carboxypeptidase (EC 3.4.17.21 [10]). 
However, the function of PSMA in the prostate and its 
role in prostate cancer remain to be elucidated. 



PSMA-specific monoclonal antibodies 

The first and most widely characterized mAb specific 
for PSMA was described in 1987, named 7E11 [1]. 
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Figure J. PSMA-specific mAb epitope localization. MAb 
epitope cellular location of PSMA specific mAbs used by Chang 
etal. [221. 

The 7E11 epitope has been mapped to the first^ fe 
amino acids of the amino terminus of PSMA fill. 
Because the 7E11 mAb recognizes an epitope th at 
Ssj fyatftd within the cell membrane. 7E1 1 does not 
hind ^iablc cells expres sin g PSMA TI2 L As a result, 
several investigators have developed mAbs that rec- 
ognize epitopes within the extracellular domain of 
PSMA and thus bind viable cells expressing PSMA 
[12-14]. Liu et al. described four mAbs, named J59h _ 
J533, J415 and E99, that recognize different epi- 
topes of the extracellular domain of PSMA [12]. Two 
mAbs have also been developed by the researchers 
at Hybritech, PEQ226.5 (extracellular epitope ) and 
^PM2J004,5 (intracellular epitope ), [13]. Figure 1 sum- 
marizes the cellular domain recognized by the above 
PSMA-specific mAbs. Recently, another 5 mAbs with 
specificity to the extracellular domain, named 3ELL 
J3C2, 4E1 0- 1 . 1 4, 3C9 and 1 G3 , have be en reported T 1 41 . 
Together, these mAbs have been utilized in multiple 
investigations to characterize the function and biodis- 
tribution of PSM A. 



PSMA localization 

PSMA is expressed by the secretory acinar epithelium 
in normal prostate. Furthermore, using mAb 7E11, 
PSMA expression has been described as increased in 
prostatic intraepithelial neoplasia (PIN) and adenocar- 
cinoma of the prostate [1 1 3, 15-17]. In a recent study, 
1 84 radical prostatectomy specimens were examined 
for PSMA expression using 7E11. The percentage 



of cells expressing PSMA was reported to be incre- 
mentally increased from benign prostate epithelium 
(69%) to high grade PIN (78%) to prostate cancer 
epithelium (80%). In addition, the highest grade tumors 
displayed the highest intensity staining [16]. In a sub- 
sequent study, specimens from 232 patients with lymph 
node metastasis who underwent radical prostatectomy 
and pelvic lymph node dissection were examined for 
PSMA expression using 7E1 1 . The percentage of cells 
expressing PSMA was reported as 46% of benign 
prostate epithelium, 79% of prostate cancer epithe- 
lium and 76% of lymph node metastasis. Interestingly, 
the intensity of PSMA staining was the highest in the 
prostate cancer epithelium but the lowest in the lymph 
node metastasis [17]. 

In contrast to the widely utilized prostate cancer 
serum marker, prostate-specific antigen (PSA), PSMA 
expression appears to be inversely related to andro- 
gen levels. PSMA expression was increased when 
LNCaP cells were incubated in the presence of andro- 
gen deprived media whereas LNCaP cells incubated 
in the presence of the androgen dihydroxytestosterone 
had decreased PSMA expression [3]. Similarly, in 
prostate cancer specimens from patients treated with 
either castration or long-term androgen deprivation, 
PSMA expression was increased in the prostate in 
1 1/20 patients and in prostate cancer metastasis from 
4/4 patients. In contrast, PSA expression was found 
to be decreased in the prostate in 14/20 patients and 
in prostate cancer metastasis from 4/4 patients [18]. 
In situ hybridization studies revealed increased PSMA 
expression in prostate cancer biopsies from patients 
with hormone refractory disease as well as patients with 
prostate cancer with increased Gleason's score [19]. 
Thus, manipulation of the androgen levels in patients 
with prostate cancer may affect PSMA expression. 

In this light, PSMA expression in 20 radical prostate- 
ctomy specimens from patients who were treated with 
3 months of neoadjuvant androgen deprivation were 
compared to PSMA expression in a similar cohort of 20 
specimens from patients who were treated with radical 
prostatectomy alone. There was no significant increase 
in PSMA expression in the androgen deprivation group 
[20]. One possible explanation for this discrepancy 
is that the 3 month androgen deprivation time course 
was too short and subtle changes in PSMA expression 
may be too difficult to delineate at the immunohisto- 
chemical level. Another possible explanation is that the 
specimens were obtained from patients with predom- 
inantly well-differentiated tumors rather than patients 
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with advanced or hormone-refractory prostate cancer. 
Further investigations with more sensitive techniques 
to detect PSM A expression such as in situ hybridization 
may be necessary to determine if androgen deprivation 
can be used to alter in vivo PS MA expression. 

Similar to other tumor-associated antigens, PSMA 
is not exclusively expressed in prostatic tissues. Sev- 
eral other normal non-prostatic tissue types have 
been shown to express PSMA, albeit expression 
is less intense and in some tissues is inconsistent. 
PSMA expression in non-prostatic tissue was originally 
described in 1987 using the mAb 7E.11 in immuno- 
histochemical studies, demonstrating expression in the 
kidney but not small intestine, brain, skeletal muscle, 
colon, heart or breast [lj. When utilizing ribonucle- 
ase protection assays PSMA expression was found in 
small intestine, brain and salivary glands, but not in 
muscle, kidney, liver or mammary glands [3]. Western 
blot analysis using 7E1 1 demonstrated expression in 
small intestine, brain and salivary glands but not kid- 
ney, skeletal muscle, colon, heart, liver or breast tis- 
sues [21]. 

In order to better define the biodistribution of PSMA 
and reduce inconsistencies observed in the PSMA 
localization in non-prostatic tissue, a recent com- 
prehensive immunohistochemical investigation using 
mAbs: 7E11, J591, J415, PEQ226.5 and PM2J004.5 
was performed. Chang et al. convincingly demon- 
strated that PSMA localizes in the duodenal colum- 
nar (brush border) epithelium, proximal renal tubu- 
lar epithelium and breast epithelium but not the brain, 
liver, colonic epithelium, lung, bladder, testis or sev- 
eral other tissues (Table 1). Interestingly, only 7E11 
reacted with skeletal muscle whereas the other four 
PSMA mAbs did not [22]. Furthermore, in situ histo- 
chemical studies confirmed the immunohistochemical 
localizations [23]. / 

The proximal small bowel is a tissue with high 
folate hydrolase activity and thus the PSMA mAb 
cross-reactivity may coincide with the intestinal enzy- 
matic activity for absorbing folates from ingested food 
sources. The proximal tubule cells of the kidney also 
have been shown to have a role in folate reabsorption at 
the apical membrane, which may also explain the cross- 
reactivity in the kidney. The skeletal muscle staining 
seen with the 7E1 L mAb but not the others mAbs may 
represent non-specific binding of 7E1 1 to this tissue. 

Interestingly, PSMA is also expressed in the neovas- 
culature of all solid tumors that have been investigated 
[12, 22 -24]. Initially, 7E11 was used to demonstrate 



immunohistochemical staining of the endothelium of 
neovasculature of renal cell carcinoma, transitional 
cell carcinoma of the bladder and colon carcinoma 
[24]. Using mAbs with specificity for the extracellular 
domain, Liu et al. demonstrated staining of the tumor- 
associated neovasculature in 23/23 non-prostatic 
carcinomas that included renal, urothelial and lung car- 
cinomas [12]. Chang et al. utilized the mAbs: 7E1 1, 
J591, J415, PEQ226.5 and PM2J004.5 to examine the 
expression of PSMA in the neovasculature of a wide 
number of carcinomas (Table 1). Tumor-associated 
neovascular endothelial cells were identified by 
immunohistochemical staining of CD34 in sequential 
tissue sections. CD34 is widely used as an endothelial 
marker for angiogenesis and microvessel density deter- 
mination. PSMA co-localized with the CD34 expressed 
in tumor-associated neovasculature. Vessels in adjacent 
non-cancerous tissue did not display immunoreactiv- 
ity and the vasculature of the corresponding benign 
tissue also did not demonstrate PSMA expression. 
Additionally, the malignant cells themselves did not 
display immunoreactivity [22]. The PSMA immuno- 
histochemical studies localizing the antigen to the 
tumor-associated neovasculature were later confirmed 
by RT-PCR and in situ histochemistry, which demon- 
strated localization of PSMA transcripts [23], 

The neovasculature expression of PSMA in solid 
tumors, however, did not seem to occur in prostate car- 
cinoma [16, 17, 22]. The reason for lack of expression 
in the neovasculature of prostate carcinoma remains 
unclear. Carcinomas of the prostate do not classically 
demonstrate typical angiogenic characteristics com- 
pared to many of the other solid tumors. In addi- 
tion, prostate carcinomas lack a significant stromal 
desmoplastic response and thus this may inhibit PSMA 
expression in the neovasculature. Other inhibitory fac- 
tors or the presence of PSMA in the carcinoma itself 
may be limiting the neovascular expression in prostate 
carcinomas. 



Diagnostic clinical applications 

Currently, the only clinical application of PSMA- 
specific mAbs is in clinical staging. The mAb 7E11 
has been modified by the linkage of 111 Indium, creat- 
ing a radiolabeled diagnostic marker for in vivo detec- 
tion of prostate cancer recurrence and metastasis. This 
diagnostic test marketed under the name ProstaScint 
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Table /. PSMA-specific mAb immunohistochemical reactivity 
Tissue type 



Immunoreactivity Reactivity site 



Benign 






Prostate 


Y 


Acinar ducts 


Lung 


n 




Brain 


n 




Parotid 


n 




Esophagus 


n 




Stomach 


n 




Duodenum 


Y 


Brush border, columnar epithelium 


Ileum 


n 


Pancreas 


n 




Liver 


n 




Kidney 


Y 


Proximal tubules 


Bladder 


n 




Testis 


n 




Breast 


Y 


Epithelial tissue 


Ovary 


n 




Skin 


n 




Thyroid 


n 




Adrenal cortex/medulla 


n 




Neoplasm 






Conventional renal cell carcinoma 


Y 


Neo vasculature 


Transitional cell carcinoma 


Y 


Neovascularure 


Testicular embryonal carcinoma 


Y 


Neovasculature 


Colonic adenocarcinoma 


Y 


Neovasculature 


Neuroendocrine carcinoma 


Y 


Neovasculature 


Glioblastoma multiforme 


Y 


Neovasculature 


Malignant melanoma 


Y 


Neovasculature 


Pancreatic duct carcinoma 


Y 


Neovasculature 


Non-small cell lung carcinoma 


Y 


Neovasculature 


Soft tissue sarcoma 


Y 


Neovasculature 


Breast carcinoma 


Y 


Neovasculature 


Hemangioma 


n 




Hemangioendothelioma 


n 




Angiosarcoma 


n 




Angiolipoma 


n 




Angiomyolipoma 


n 




Prostatic adenocarcinoma 


Y 


Malignant cells, sporadic neovasculature 



Tissues were stained with PSMA-specific niAbs 7E11, J591, J415, PEQ226.5 and PMJ004.5 [22]. 
Immunoreactivity between the mAbs was consistent in the above tissue type. 



(Cy togen, Princeton, NJ) gained FDA approval for clin- 
ical usage in 1997. Clinical trials have demonstrated 
both few adverse side effects and the clinical util- 
ity of radiolabeled mAb 7E11 in the identification of 
prostate cancer recurrence and metastasis [25-27]. In 
an early study, 27 patients with biochemical evidence 
of prostate cancer recurrence evidenced by a rising PSA 
were imaged with the ProstaScint scan; 22/27 patients 
had a demonstrable lesion on the scan and 11 of the 
22 had confirmation by other means [28]. In a follow- 
up study, 183 patients with similar stage of disease 



were scanned and similarly, 50% of the patients with 
a positive scan were confirmed to have recurrence by 
biopsy [27]. The ProstaScint scan was found to be supe- 
rior to CT and positron emission tomography (PET) 
scans in the detection of prostate cancer recurrence and 
metastasis. Overall, the ProstaScint scan demonstrated 
a 60-80% sensitivity rate and a 70-90% specificity rate 
for detecting prostate cancer recurrence or metastasis 
[25-27]. 

One potential limitation of the ProstaScint scan is 
that the 7E11 mAb recognizes an epitope which is 
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intracellular and thus theoretically, the radiolabeled 
antibody may only be recognizing dying or apop- 
totic prostate cancer cells. An attractive alternative to 
increase sensitivity may be to use a radiolabeled mAb 
that recognizes an extracellular epitope of PSMA. Cur- 
rently, radiolabeled mAb J59I is under investigation 
as a diagnostic tool. Finally, an incidental renal cell 
carcinoma was recently discovered by the ProstaScint 
scan [29], indicating that localizing PSMA expression 
in tumor-associated neovasculature may be another 
in vivo antigen targeting application for PSMA mAbs. 

Detection of circulating cancer cells has been impli- 
cated in poor prognosis in staging patients with cancer. 
The most common assay used is reverse-transcribed 
mRNA detection using the polymerase chain reaction, 
commonly abbreviated RT-PCR. Circulating prostate 
cancer cells are detected by utilizing the RT-PCR tech- 
nique to detect cells expressing either PSA or PSMA 
[30, 31]. To date, studies using the RT-PCR assays 
to predict prognosis have been inconsistent. One of 
the reasons that the data has been inconclusive is that 
the RT-PCR technique is difficult to reliably reproduce 
from laboratory to laboratory. One factor that contri- 
butes to the variable results with PSMA-based RT-PCR 
is contamination of the reaction with genomic DNA or 
possibly transcripts from the PSMA-like gene on chro- 
mosome 1 lql4. One possible alternative to detect cir- 
culating prostate cancer cells is to use PSMA-specific 
mAbs, however, the primary current limitation is level 
of sensitivity. Another alternative strategy to increase 
sensitivity and specificity is to first capture circulat- 
ing prostate cancer cells with a mAb with a relatively 
broad specificity, such as an epithelial antigen, and sub- 
sequently perform PSMA-specific RT-PCR on the iso- 
lated cells [32]. Further studies to improve sensitivity, 
specificity and reproducibility are under investigation. 



Monoclonal antibody directed immunotherapy 

Immunotherapy strategies utilized to treat cancer 
are categorized as either active or passive. Active 
immunotherapy strategies attempt to elicit an anti- 
cancer immune response within the patient. Passive (or 
adoptive) immunotherapy strategies utilize the infu- 
sion of pre-formed anti-cancer effector molecules to 
treat patients with cancer. These effector molecules are 
typically proteins, such as antibodies or whole cells 
that have a direct immune-based anti-cancer activ- 
ity. Traditionally, mAbs have been used in adoptive 



immunotherapy trials to target tumor antigen express- 
ing cancer cells by infusing mAbs themselves or mAbs 
that have been conjugated to toxins or radioisotopes. 
MAbs that bind the extracellular domain of PSMA have 
been shown to bind viable cells and become internal- 
ized [33]. By being internalized, these mAbs may be 
more attractive for directing PSMA-specific delivery 
of tumor toxins, radioactive particles or drugs. Clini- 
cal usage of PSMA-specific mAbs conjugated to toxins 
and radioactive particles is under current investigation. 

More recently, strategies have developed using 
mAbs to attempt to target immune cells to the tumor. 
Artificial T cell receptors that incorporate the antigen- 
specific moiety of an immunoglobulin provide a means 
to target antigens independently of major histocom- 
patibility complex (MHC) expression. One advantage 
is that T cells expressing this type of artificial recep- 
tor will recognize native tumor-associated antigens on 
the tumor cell surface. Another advantage is that one 
mechanism tumors may evade the immune system is 
through loss of MHC expression such that cytotoxic T 
cells will no longer recognize tumor cells. The artifi- 
cial T cell receptor does not require tumor cell MHC 
expression and thus would confer tumor antigen speci- 
ficity to T cells, independent of MHC expression. A 
third advantage is that because the artificial receptor is 
not MHC restricted, the same receptor may be used in 
any individual. 

For the purposes of genetic engineering, single genes 
are more readily transferred into cells. However, mAbs 
consist of two proteins, a heavy chain and a light chain 
that are linked through a disulfide bond. Since two sep- 
arate genes encode the heavy and light chains, both 
genes must be expressed by a cell to synthesize the 
mAb. A single chain antibody (scFv) is an antibody 
that fuses the domains of the heavy and light chain 
that are responsible for antigen recognition into one 
single continuous gene. A scFv-based f fusion artifi- 
cial T cell receptor (Figure 2) can be encoded by one 
gene and utilized in gene therapy strategies (for review 
see [34]). 

A PSMA-specific single chain antibody was cloned 
from the J591 hybridoma, which produces a mAb that 
recognizes the extracellular domain of PSMA (Gong 
MC et al., unpublished data). The single chain anti- 
body was then cloned to the CD8 hinge and transmem- 
brane domain followed by the cytoplasmic domain of 
the CD3-associated f chain, creating a PSMA-specific 
artificial T cell receptor named Pz-1 [35]. By taking 
advantage of efficient retroviral -mediated gene trans- 
fen the Pz~ 1 receptor was utilized to reprogram primary 
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Figure 2. Schematic diagram of scFv-based c fusion artificial T 
cell receptor. Left diagram: Normal cytotoxic T cell recognition 
of tumor cell. Specific T cell recognition and cytolysis of tumor 
cell requires specific interaction between the T cell receptor fcon- 
sistmg of an a and p chain) with tumor-specific peptide in context 
with MHC class I molecule. Right diagram: T cell genetically 
modified with scFv-based fusion artificial T cell receptor. The 
artificial T cell receptor re-programs the Tcell. altering the T celJ 
specificity, to recognize tumor-associated antigens in their native 
state, independent of MHC. 



human T cells. In cytotoxicity assays, the Pz-1 mod- 
ified T cells were capable of specifically recogniz- 
ing and lysing prostate cancer cells expressing PSMA 
(Figure 3) 

Additionally, the Pz-1 modified T cells were able 
to proliferate and release both interleukin-2 and 
interferon-y in response to cells expressing cell sur- 
face PSMA. Furthermore, these cellular responses of 
proliferation and cytokine secretion were augmented 
by B7.1-mediated co-stimulation [35]. Finally, because 
T cell signaling defects have been reported in patients 
with cancer, the Pz-1 receptor was transduced into T 
cells from 5 patients with prostate cancer. The Pz-I- 
modified T cells from all 5 patients with prostate can- 
cer also were capable of lysing prostate cancer cells 
expressing PSMA, independent of the clinical sta^e or 
age of the patient 135]. These results together demon- 
strated that the PSMA-specific artificial Tcell receptor 
Pz-l is capable of efficiently reprogramming T cells' 
from prostate cancer patients: to recognize PSMA in 
a MHC independent fashion in vitro. Current inves- 
tigations are underway to examine the efficacy and 
safety of the Pz- 1 -receptor-modified T cells in animal 
models. 

Clinical applications using PSMA-specific mAbs 
may not be limited to the treatment of prostate cancer. 
Angiogenic targeting is a new intriguing and exciting 
cancer therapy under intense investigation. Ail malig- 
nancies require angiogenesis to thrive and it is this 
neovasculature that expresses PSMA. Because there 



is a clear difference in PSMA expression in vessels 
associated with tumors in contrast to its absence in 
vessels of normal tissue, PSMA is a potential unique 
antt-angiogenic target. Current endothelial target anti- 
gens such as vascular epidermal growth factor (VEGF) 
receptors, CD31 and or-v-/J-3 integrins are upregulated 
in malignancies but are also present in normal ves- 
sels. Thus, targeting these proteins mav be toxic to 
normal vasculature. By targeting the PSMA expressed 
m the tumor-associated neovasculature, other non- 
prostatic malignancies may be targets of PSMA- 
specific therapies. The potential applications of PSMA- 
specific therapies must also consider the fact that these 
antibodies also can localize to other non-prostatic tis- 
sues. Although localization to these other non-prostatic 
tissues has not been a significant problem in the usage 
of the ProstaScint scan, further investigations are nec- 
essary to determine the side effects of PSMA-directed 
therapies. 
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Figure 3. Pz-1-. modified T cells display PSMA-specific cytotox- 
icity. Using efficient retroviral-mediated gene transfer, primary 
human T cells were transduced with the Pz-1 receptor Trans- 
duced T cells were incubated with "Cr-labeled target cells at 
various effector to target (E : T) ratios for 4h. Target cells were 
the human prostate cancer cell line PC3. which normally do not 
express PSMA (PSMA~PC3) orPC3 cells genetically engineered 
to express PSMA (PSMA + PC3) [35]. % Specific - C r release 
*ascaculated by ("Cr release -spontaneous releaseMmaximum 
■ Crrelease-sponuuieous release) x 100. Experiments were per- 
STA ^ n , plicate - Pz - 1 - m ««nedTccll S specifically recognized 
rbMA PC3 cells (■) but not native, PSMA PC3 cells (D) T 
cells modified with an irrelevant scFv-based artificial T cell recep- 
tor, Gz-1 , do not recognize either native PSM A~PC3 cells (a) or 
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Conclusions 

PSMA is a tumor-associated antigen that is over- 
expressed in prostate cancer whose expression is 
further increased in advanced stages. Thus, PSMA is 
an excellent prostate cancer target for both diagnostic 
and therapeutic modalities. Investigations on the usage 
of PSMA-specific xnAbs continue to be developed. Ide- 
ally these mAbs and their derivatives will display a 
prolonged in vivo half-life but still not elicit a signif- 
icant host immune response against the mAb itself. 
Finally, PSMA may be a novel target for future anti- 
angiogenic therapy in the treatment of other malignant 
solid tumors. 
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